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Introduction
Corallina officinalis is a calcified geniculate (i.e. articulated) coralline alga that is widespread on rocky shores in the North Atlantic (Guiry & Guiry, 2017; Brodie et al., 2013; Williamson et al., 2016) . In the NE Atlantic the species is distributed from southern Greenland, Iceland and northern Norway, in the north, to northern Spain and the Azores in the south (Williamson et al., 2015; Pardo et al., 2015) . C. officinalis is recognized as an important ecological component of rocky shores: it can create dense turfs, which are habitats for many small invertebrates, providing shelter in highly dynamic intertidal habitats, and a substratum for the settlement of macro-and microalgae (Nelson, 2009) .
Moreover, C. officinalis, like other calcifying algae, can contribute to carbon dioxide fluxes within the ocean through production and dissolution of calcium carbonate, and have an important role in the carbon cycle of coastal marine ecosystems (van der Heijden & Kamenos, 2015) .
Despite their ecological significance, calcified seaweeds are at risk from a combination of both local, e.g. sedimentation, eutrophication, change in freshwater flows, and global perturbations, e.g. climate change and ocean acidification. Rising sea temperatures driven by climate change are projected to result in significant range shifts of macroalgal species, with extinctions at lower latitudes and colonization of higher latitudes , which may in turn affect inter-specific competition (Kroeker et al., 2010) . Ocean acidification, i.e. decreasing ocean pH and carbonate saturation, will have a substantial impact on calcifying organisms, including habitat-forming macroalgae (Koch et al., 2013) . Less alkaline waters will lead to corrosion of calcium carbonate skeletons and increase the metabolic costs of calcification (Nelson, 2009) . The North Atlantic is predicted to see a significant reduction of calcifying algae by 2100 under such conditions, which could have dramatic consequences for local ecosystem functioning .
The fate of organisms in our rapidly changing marine ecosystems will depend on their genetic diversity and population connectivity, and whether gene flow is great enough to counteract the possibility of local adaptation (Valero et al., 2001) . Information on genetic connectivity in marine macroalgae remains sparse (Li et al., 2016a ), yet identifying and conserving hotspots of tolerant genotypes will assist in the management of these important habitats in light of future climatic changes. Population genetic tools are vital for the identification of locally adapted genotypes, and an understanding of the connectivity of populations is key for conservation planning (Pauls et al., 2013) .
Population genetic studies in the red algae have focussed on a limited number of species, using predominantly DNA sequence regions rather than traditional population genetic markers (Li et al., 2016a) . The use of highly variable markers that are the foundation for traditional population genetic studies is rare for red algae, and published studies have focussed on microsatellites, i.e. short sequence repeat markers (Hu et al., 2010; Couceiro et al., 2011; Kostamo et al., 2012; Song et al., 2013; Wang et al., 2013) .
Chondrus cripus, for example, has been studied using microsatellite markers (KruegerHadfield et al., 2011) and single nucleotide polymorphisms (SNPs) (Provan et al., 2013) , and SNP data were generated for Furcellaria lumbricalis from different locations and salinity conditions to see whether the information was congruent with microsatellites (Olsson & Korpelainen, 2013) .
Currently, SNPs have emerged as the marker of choice for population genetic studies because, amongst many other properties, they have codominant inheritance and there are potentially thousands of loci available for analysis (Seeb et al., 2011; Provan et al., 2013) . Application of SNPs to macroalgae is rare, and predominantly still in development, for example, the construction of a high density SNP linkage map for the kelp Saccharina japonica (Zhang et al., 2015) , and the report of SNPs found by examining the plastomes of three species of the red algal genus Membranoptera (Hughey et al., 2017) . However, SNP markers have been developed, tested and compared to microsatellite alternatives for the red alga Chondrus crispus (Provan et al., 2013) . The six SNPs used to genotype this species from the UK and Ireland proved effective for analysis of population patterns.
To date, there have been few genetic studies of Corallina officinalis, these have examined: the utility of cox 1 region for DNA barcoding (Robba et al., 2006) ; phylogenetic analysis of C. officinalis and related species (Hind & Saunders, 2013; Walker et al., 2009; Williamson et al., 2015) ; taxonomy (Brodie et al., 2013; Hind et al., 2014) ; and mitogenomics (Williamson et al., 2016) ; but none have analysed population genetic patterns. Indeed, the first microsatellite marker for any coralline alga was only recently reported for the maerl-forming crustose species Phymatolithon calcareum (Pardo et al., 2014) . The development of next generation sequencing technologies has led to an increased focus on high throughput sequencing and publication of genome-level datasets for a number of macroalgal species (DePriest et al., 2014; Kim et al., 2015; Bi et al., 2016; Williamson et al., 2016) . Such data have the potential to address many questions relating to taxonomy, phylogeny and evolutionary history in algal genetics (Kim et al., 2014) . The recent study documenting a mitochondrial genome for Corallina officinalis (Williamson et al., 2016) involved the acquisition of whole genome shotgun sequence data for specimens from Iceland, UK and Spain. This has created the potential to use these sequence data for the identification of highly variable markers suitable for population genetic analysis.
Here we report on the development of the first SNP markers for a calcifying red alga, and their use in examining the underlying population structure of Corallina officinalis based on five populations from a wide latitudinal range in the NE Atlantic.
Materials and Methods

Sampling and DNA extraction
Samples of Corallina officinalis were collected from three sites in the UK, one in northern Spain and one in southern Iceland (Table 1) . 31-48 samples were collected from each site. Each sample was given a unique identifier and was split into two parts, one of which was dried in silica beads and the other deposited in the BM herbarium.
DNA was extracted from approximately 0.5 cm 2 of dried material using a modified CTAB microextraction protocol (Robba et al., 2006) . This method differs from the Doyle & Doyle (1990) protocol: following the CTAB digestion and chloroform/iso amyl centrifugation step, the aqueous supernatant phase is purified and concentrated using the column-based, Illustra GFX PCR DNA and Gel Band Purification kit (GE Healthcare UK Ltd) according to the manufacturer's instructions and eluted from the column in a final volume of 50 µl of Tris buffer (0.1 M Tris-HCl, pH 8.0). DNA concentration was assessed using a Nanodrop 8000 spectrophotometer (Thermofisher) to ensure sufficient yield of genomic DNA for genotyping (minimum required yield 150 ng).
SNPs
Potential SNP targets were developed by examining data from shotgun sequence reads from the Illumina Miseq platform (https://www.illumina.com/systems/sequencingplatforms/miseq.html). Four samples were independently sequenced on the Miseq: one specimen from Iceland, one from Spain, and two from the UK (one each from North Devon and South Devon; Williamson et al., 2016) . Miseq reads were cleaned by trimming the start and end of the reads between 66-236 bp. A minimum of 8.6 million and maximum of 14.5 paired-end reads were obtained for each sample. Sequence quality was assessed using FastQC (v 0.9; Babraham Bioinformatics, Cambridge, UK), and those with mean quality scores below 20 were removed, as were those with trimmed length < 100 bp. Reads matching the mitochondrial (Williamson et al., 2016) and draft chloroplast genomes were removed, leaving only nuclear reads for examination.
The SISRS (Site Identification from Short Read Sequence) package was used to identify potential SNP loci with variable sites from the sequence reads. The SISRS process generates a 'composite genome' (essentially a rapidly assembled and highly fragmented draft genome, based on a subset of reads selected to obtain 10x coverage), which is used as a reference for alignment of shotgun reads for identification of informative variable regions (Schwartz et al., 2015) . We assumed a genome size of 105,000,000 bp based on the published genome of the red alga Chondrus crispus (Collén et al., 2013) , to allow the SISRS process to estimate 10x coverage for the draft genome. The SISRS process identifies putative SNPs on the fragmented draft genome.
Potential SNPs were filtered based on a number of control criteria: the genome fragment must have at least 50 bp either side of the variable locus (to allow primer development); a minimum of 5x read coverage, including reads from samples sourced from each country; and the SNP is not near other potential SNPs (either no other SNP was present on the genome fragment, or at least 1000 bp between potential SNPs). Putative SNPs passing these filters were Blast matched to the NCBI nucleotide database (https://blast.ncbi.nlm.nih.gov/) and any producing positive matches to other taxa were discarded, on the assumption that these are contaminants. A final subset of 12 SNPs was selected for genotyping by selecting those with the highest read coverage but one SNP failed amplification for the majority of samples, leaving 11 SNPs for analysis.
Genotyping
Genotyping was performed using a KASP (Kompetitive Allele Specific PCR) assay (Semagn et al., 2014) . DNA samples were eluted in 10 mM Tris buffer and placed into two 96-well plates with two control wells, at concentrations of over 5 ng µl -1 at 40 µl volumes and sent to LGC genomics (www.lgcgenomics.com/genotyping/kaspgenotyping-chemistry) for genotyping. Results were delivered as a bi-allelic scoring for each of the 11 SNPs.
Statistical analyses
All statistical analyses were performed in the statistics software R version 3.1.3 (https://cran.r-project.org/). An assessment of Linkage Disequilibrium (LD) between SNP markers was performed using the LD function of the R package "genetics" (Warnes & Leisch, 2013) , using Bonferroni correction of p-values to assess significance. Summary statistics of observed and expected heterozygosity (Ho and He)
were calculated using the function HWE.test (R package genetics).
Structure between populations was assessed using a pairwise Fst (Weir & Cockerham, 1984) , with significance measured based on 10,000 permutations using the boot.ppfst function in the R package heirfstat (Goudet & Jombart, 2015) . Isolation By Distance (IBD) was tested using a Mantel test, based on genetic distances measured by Fst and geographic distance measured as distance between sites over water (approximated with the distance tool in the GIS package Quantum GIS). The Mantel test was performed using the mantel.randtest function in the R package "ade4" (Dray & Dufour, 2007) using 10,000 replicates.
An assessment of genetic patterns in the data was performed using a Discriminant Analyses of Principal Component (DAPC) using the R package "adegenet" (Jombart, 2008) . The number of genetic clusters was investigated using the find.cluster function of adegenet, which runs successive K-means for clustering and assesses the optimal K by reference to the Bayesian information criterion. The automatic cluster selection procedure "diffNgroup" was used with n.iter set to 10 7 and n.start set to 10 4 , and principal components to retain for analysis were selected based on a percentage of variance explained threshold (95%). The ordination (DAPC) analysis was performed using the dapc function. The optimal number of principal components to retain was assessed using the optim.a.score function. An assessment of sample assignment to genetic cluster was performed using the compoplot function.
A power analysis was performed to test the ability of similar-sized datasets to produce significant results. An estimate of effective population size (Ne) was performed using NeEstimator V2 (Do et al., 2014) . The PowSim program (Ryman & Palm, 2006) was run using the estimate of population size (Ne=20), 100 simulations and 25 generations of drift for both the complete dataset (11 SNP markers) and the unlinked marker set (5 SNPs). PowSim tests for significant Fst results from simulated datasets of a given size to determine whether a dataset of that size is sufficient to consistently produce significant results (Ryman & Palm, 2006) . (Table 1) were collected and genotyped. The 11 SNP markers analysed are presented in Table 2 , along with observed and expected heterozygosity these markers. All except one of the 11 markers (Coff4) showed significant deviation from Hardy Weinberg Equilibrium (HWE). Significant linkage (LD) was found between 19 out of 55 pairs of markers. The largest subset of unlinked markers contains 5 SNPs, with 3 combinations of 5 unlinked markers, set 1: 1, 3, 4, 5, 6; set 2: 1, 3, 6, 7, 10; set 3: 3, 7, 8, 10, 11. Analyses were conducted on the complete dataset of all SNPs for samples with at least 9 non-null SNPs (N=208, minimum population sample: 31). Additionally, a parallel analysis was performed on a subset of these data including only the 5 unlinked SNPs with the fewest null alleles (set 3 above). The power analysis indicated that datasets of both 5 and 11 SNPs are sufficient to produce significant Fst results (100/100 of simulations for both datasets produced significant results, p<0.05). There was significant genetic differentiation between all populations (Table 3, supplementary table   S1 for unlinked data). The greatest genetic distance was observed between the Iceland and UK (Kent) populations (for both the complete dataset and unlinked data), although the greatest geographic distance was between the Iceland and Spain sites (Iceland to Spain, 2,500 km; Iceland to UK, Kent, 2,000 km). A marginally insignificant pattern of isolation by distance was shown in the data set (complete dataset: 0.68, p=0.075), reflecting a weak pattern that geographically distant sites showed greater genetic divergence. Analysing just the five unlinked markers produced a similar result (unlinked data: 0.77, p=0.084 -see supplementary figure 1 for a comparison with the complete dataset).
Results
samples from five populations
Cluster analysis selected four genetic clusters which appeared to have a degree of site-specificity (Table 3 ). All Iceland samples were placed in a single genetic cluster (cluster 1) and 81% of the Spanish population were placed in Cluster 3. However, no genetic cluster was entirely site-specific (e.g. a single sample from Spain was in the 'Icelandic cluster', see Table 3 , Fig. 1 ). The greatest genetic similarity was observed between the UK populations. There were two predominantly UK-based genetic clusters, an eastern cluster (4), in which the majority of Kent samples occurred, and a western cluster (2), which predominated in the Devon sites and was not observed in Kent. There was a broadly similar pattern of clustering based on just unlinked markers, with a predominantly Icelandic cluster, an East/West split in the UK but less isolation observed for the Spanish population (Supplementary Table 1 ).
The DAPC used three principal components and 2 discriminant functions, and the proportion of conserved variance was 55% (Figure 2 ). The scatter plot (Fig. 2) shows the relative isolation of the Iceland population (cluster 1), and the closer affinity of the Thanet (Kent) and Combe Martin (North Devon) populations which both contained a high proportion of samples from cluster 4. Cluster assignment probabilities were typically high (163/208 higher than 90%, Fig. 3 ). There were several samples from both Iceland and Spain with affinities to both the Icelandic and Spanish genetic clusters, indicating that even these distant locations showed some connection.
Discussion
In this study, SNPs were developed for first time for a coralline red alga. The application of these markers revealed significant genetic structuring within C. officinalis populations in the NE Atlantic. These markers are a useful tool to analyse genetic connectivity of this important habitat-forming coralline red algae. The marginally insignificant isolation by distance result is somewhat inconclusive, and may be resolved by greater sampling. Findings for other (non-invasive) red algal species, have reported significant isolation by distance over a variety of spatial scales, such as Gelidium canariense in the Canary Isles (Bouza et al., 2006) , Chondrus crispus around the UK and Ireland (Provan et al., 2013) , and Ahnfeltiopsis pusilla in N Spain (Couceiro et al., 2011) .
There is genetic connectivity between even the most geographically isolated populations of C. officinalis, with the Icelandic population containing an individual from the "Spanish" genetic cluster. In addition, each of the reported genetic clusters is present in at least two sites. The relatively low diversity seen in SW Iceland (a single genetic cluster present), agrees with findings for the red algae Palmaria palmata and Chondrus crispus of relatively low genetic diversity in SW Iceland in comparison to other areas of the NE Atlantic (Li et al., 2015; Li et al., 2016a) . However, these examples show greater connectivity of Icelandic populations than we found for C. officinalis, with Icelandic P. palmata sharing genotypes with the West Ireland but not SW England, while for C. crispus the Icelandic genotype was found in a variety of locations in southern England from the Cornish coast to the North Sea (Li et al., 2016a) . However, it should be noted that these studies are based on mitochondrial, plastid and nuclear sequence regions, which will be less variable than SNP markers.
In contrast to the findings reported here, in a study of the large brown intertidal macroalga Fucus serratus, North Spain had the most isolated of NE Atlantic intertidal populations, but this study did not include populations from the UK or Iceland (Coyer et al., 2003) . Although 80% of our Spanish C. officinalis samples were found to be from a single genetic cluster, the Spanish site was the only location where all genetic clusters were found. Therefore the Spanish site could be viewed as a repository of genetic diversity, which supports findings that North Spain has relatively high macroalgal diversity and may have been a refugium during the last glacial maximum (Li et al., 2016a) . However, in Chondrus crispus, Iberian populations in NW Portugal are highly genetically isolated from northern European populations (Hu et al., 2010) .
There is significant genetic differentiation between every population (pairwise Fst>0), even between the UK sites. This fits the expected pattern, given that genetic differentiation is reported at scales of 1-10 km for many seaweeds (Krueger-Hadfield et al., 2011) , and even the nearest UK sites sampled here are 400 km distant. Although there is a moderate east/west divide in the UK C. officinalis populations, the most distant UK populations in North Devon (Combe Martin) and Thanet, Kent share a majority of samples fitting the Eastern UK genetic cluster (4), while the intermediate site in South Devon has a majority of samples fitting the Western UK genetic cluster (2). The Kent population has relatively low diversity (e.g. 29/31 samples from Kent belong to the same genetic cluster), with only the Iceland population showing a lower diversity. Although there is no directly comparable study of red algae for these locations, the North Sea population of Chondrus crispus (the more geographically isolated Helgoland) showed relatively low diversity (Hu et al., 2010) . Furthermore, there appears to be a closer relationship between North Devon and the North Sea for Mastocarpus stellatus than for south coast UK populations (Li et al., 2016b) .
There is significant linkage evidenced in the 11 markers tested in this study. The largest set of markers showing no linkage contained 5 SNPs. Linkage disequilibrium can be a problem for parental and sibling analysis (Huang et al., 2004) . However, tests comparing results from a subset of data including just unlinked markers produced similar results to analysis of the full dataset (see supplementary figure and table), so we have chosen to present the results based on the complete data. Our analysis also used the DAPC method which does not depend on a population genetics model and carries no assumptions of linkage equilibrium (Jombart et al., 2010) .
This study is a significant first step towards understanding the genetic structure of C. officinalis. However, it is noted that 11 SNPs studied here is a relatively small number of markers in comparison to some other SNP studies where thousands have been investigated (Seeb et al., 2011) . However, 11 SNPs with binary variation could potentially yield 2 11 = 2048 genotypes, which is an order of magnitude larger than the number of samples analysed. Additionally, this study shows that significant structure can be determined from a small number of markers, as has been found for Chondrus crispus, where just 6 SNPs were used to detect significant genetic structure around the UK (Provan et al., 2013) . This compares favourably to traditional sequencing studies, which might sequence thousands of bases but end up analysing a handful of variable sites (e.g. Li et al., 2016b sequenced 541 bp of the ITS region for 329 individuals and found 14 variable sites). Similarly, microsatellite studies have shown similar numbers of discriminating characters when examining population genetics of red algae from the NE Atlantic (Kostamo et al., 2012; Provan et al., 2013) .
These are the first SNP markers described for any coralline alga and only the third for the red algae. These markers are useful tools to assess the population connectivity of the important ecosystem engineer C. officinalis, showing that the most geographically isolated population from SW Iceland has the most genetic isolation, although even the most distant sites show some genetic connectivity. Calcifying algae are at risk from ocean acidification and climate change, and this study should form the foundation of a wider analysis, incorporating more samples from across the Northeast Atlantic to identify the most isolated and potentially at risk populations.
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